Abstract. Exendin-4, a peptide 53% structurally homologous with glucagon-like peptide 1 (GLP-1), is insulinotropic and has an antidiabetic effect even more prolonged than that of GLP-1. Exendin-9 is an antagonist of GLP-1 receptor and action in several cell systems, but shows GLP-1-and exendin-4-agonistic characteristics in human muscle cells and tissue. The action of GLP-1 upon glucose transport and metabolism in muscle is mediated by specific receptors. In this study we investigated the effect of both exendin-4 and -9, relative to that of GLP-1, upon glucose transport and metabolism in the skeletal muscle from a streptozotocin-induced type 2 diabetic rat model, compared to normal. In normal rats, exendin-4, like GLP-1 and insulin, enhanced glucose uptake. This effect, which is mediated to a certain extent by some kinases (PI3K/ PKB, p70s6k and MAPKs), may be caused by the peptide acting, at least in part, through the muscle GLP-1 receptors. Exendin-9 also stimulated the same kinases, except for PKB, but failed to modify basal glucose uptake. Type 2 diabetic rats showed lower than normal basal muscle glucose transport and oxidation value, and higher glycogen synthase a activity and pyruvate release; however, no modification of glucose uptake by GLP-1 or exendin-4 was detected, at variance with insulin, and basal activity of PI3K/PKB was lower than normal, while that of p70s6k and MAPKs was higher. GLP-1 failed to affect the activity of any of the kinases, while exendin-4 increased the activity of PI3K, p70s6k and MAPKs, but not PKB, suggesting that this enzyme plays a major role in exendin-4 effect upon glucose transport in muscle.
Introduction
Exendin(1-39)amide (Ex-4), a peptide of non-mammalian nature that shares 53% structural homology with glucagon-like peptide 1 (GLP-1), is under current investigation because of its antidiabetic effect. The in vivo action of Ex-4 is even more prolonged than that of GLP-1, perhaps due to its lack of susceptibility to enzymatic degradation by dipeptidyl peptidase IV (1-3), a characteristic that confers more stable properties on the peptide when in circulation. Ex-4, like GLP-1, is insulinotropic (4) , and has GLP-1-and insulin-like effects on parameters related to glucose or lipid metabolism in extrapancreatic tissues. Ex-4 increases glucose transport in rat adipocytes (5) and human myocytes (6) , and glycogen synthase a activity in rat liver and rat and human muscle (7, 8) , and stimulates lipogenesis and lipolysis in rat fat tissue (5) . The reported extrapancreatic effects of Ex-4 seem to be dependent on certain kinases, some of which also participate in GLP-1 action (5, 6) .
Despite the fact that Ex-4 mimics GLP-1 in some of its effects, attempts to identify receptors for Ex-4 in human or rat pancreas or other tissues have so far failed. However, it is known that GLP-1 specifically binds to the plasma membranes of major extrapancreatic tissues participating in glucose homeostasis and lipid metabolism, indicating the presence of receptors which, in liver and muscle at least, seem to be structurally or functionally different (8) (9) (10) (11) from that in the pancreas (12) .
The Ex-4 truncated form, exendin(9-39)amide (Ex-9), is an antagonist of GLP-1 receptor in several cell systems (3, 13) and of its insulinotropic effects in rat pancreas (14) , and of GLP-1 action upon glucose metabolism in rat liver cells and muscle tissue (7) ; however, in adipocyte (15) and myocyte (16) cell lines, and in normal human muscle (6, 8) , Ex-9 acts as an agonist of GLP-1 action.
It has been shown that the increasing effect of GLP-1 upon glycogen synthase a activity and glycogen synthesis in normal rat skeletal muscle is maintained in a type 2 diabetic model (17) . Moreover, a lack of Ex-9 effect upon the activity of rat adipocyte PKB signalling enzyme, which is reversed in type 2 diabetic states, has recently been reported (5) .
The aim of this study was to explore the characteristics of Ex-4 and also Ex-9 effect, relative to that of GLP-1, upon glucose transport and metabolism in the skeletal muscle of normal and type 2 diabetic rats.
Materials and methods
Reagents. Human GLP-1 Binding. We studied the displacement by Ex-4 and Ex-9, of the radiolabeled GLP-1 binding to rat muscle membranes, which was performed at 25˚C over 40 min as previously described in detail (11) .
Glucose transport. Rats were sacrificed by decapitation, and the soleus muscles were removed and individually attached by the tendon to a steel clip (20) . Paired soleus muscles were preincubated during 15 min at 37˚C, in 3 ml Krebs-Henseleit buffer (KH) without or with 2.5x10 14 C]sorbitol (Sp. Act: 5 nCi/μmol), 5 and 20 mM, respectively, in the incubation media. In another group of experiments, paired muscle samples were treated as above, but in the absence of added peptide and presence or absence of the inhibitor. During the preincubation and incubation periods, an atmosphere of O 2 /CO 2 (95/5) was maintained in the vials sealed with a rubber stopper. After incubation, extracellular radioactivity was removed by quickly washing at 4˚C in KH, and the muscle was treated with 1 ml 1N NaOH for 10 min at 70˚C and placed in 5 ml scintillation liquid for 3 H and 14 C content determination by double-channel counting; an aliquot volume (2 μl) had previously been taken from all solubilized samples for the measurement of total protein (21) .
To calculate the cellular D-glucose uptake in each muscle sample (pmol/min per mg protein), the total 2-deoxy-D-[1,2-3 H]glucose accumulated was corrected taking into account the extracellular space, as determined by the [ 14 C]sorbitol uptake value, following a method previously described (22).
Glycogen synthase a. Rats were sacrificed by decapitation, and the soleus muscles were removed and individually attached by the tendon to a steel clip. For glycogen synthase a activity studies (17) , the muscles were preincubated for 60 min at 37˚C in 1.5 ml Krebs-Ringer bicarbonate (KRB) buffer containing 1% BSA and 5 mM D-glucose. This was followed by a 10-min incubation at 37˚C in the same medium as above, in the absence (basal) and presence of 10 -9 M Ex-4, as this concentration has previously been shown to exert maximal effect upon normal muscle glucose metabolism in vitro (8, 20) . During preincubation and incubation, an atmosphere of O 2 /CO 2 (95/5) was maintained in the vial sealed with a rubber stopper. One of the muscles from each rat was always incubated in the absence of peptides for paired basal. The tissue samples were immediately homogenized in a medium containing 100 mM NaF, 35 mM EDTA and 0.5% glycogen (w/v) at pH 7.4, as already described (20) , and maintained at -70˚C until the enzymatic activity was assayed.
The frozen tissue homogenates were thawed at 4˚C and their enzymatic activity was assayed, at least in duplicate, as the incorporation of UDP-glucose into glycogen, over a 15-min period, as previously described in detail (20) . In each experimental rat, the mean value of the replicates corresponding to the muscle incubated in the absence of Ex-4 was used as basal value.
Kinase activity. In another group of experiments, designed to study MAPK, PI3K, PKB or p70s6k enzyme activity, muscles were preincubated for 60 min in KRB with 1% BSA and 5 mM D-glucose, followed by a 3-min incubation in the absence (basal, one per rat) or presence of either GLP-1, Ex-4, Ex-9 or insulin, after which, tissue samples were homogenized at 4˚C in 1.25% Triton X-100 containing 250 mM sucrose, 20 mM Tris/HCl, 2.5 mM MgCl 2 , 50 mM ß-mercaptoethanol, 1.2 mM EGTA, 1 mM Na 3 VO 4 , 5 mM Na 4 P 2 O 7 , 50 mM NaF, 30 U/ml bacitracin, 2 μM leupeptin, 2 μM pepstatin, pH 7.4, and 2 mM PMSF, then maintained at 4˚C for 30 min, and finally centrifuged at 15,000 x g (23) . The supernatant (tissue lysate), containing cytosol and solubilized membranes, was kept at -70˚C until needed.
An aliquot volume was taken from all tissue lysate samples for protein content determination (21) .
Immunoblotting. Equal amounts of tissue lysate from each muscle sample were subjected to SDS-PAGE (24), in parallel with molecular weight markers, on an 8% resolving gel; the separated proteins were then transferred to a nitrocellulose membrane in a semidry system (Trans-Blot SD Semi-Dry Transfer Cell, Bio-Rad). For immunodetection, a Western blotting kit was used according to the manufacturer's instructions, using total and phosphorylated p44/42 MAPK, PKB and p70s6k respective antibodies, and a horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin second antibody, with detection by enhanced chemiluminescence and quantization by densitometric scanning of the autoradiography (25) . In all experiments, the densitometric value of the band corresponding to the soleus muscle incubated in the absence of peptide was used as basal value.
PI3K activity. The enzyme activity was measured directly in p85 immunoprecipitates obtained by treating the muscle lysates with anti-PI3-kinase p85 and subsequent coupling to protein A-agarose (26) . The immunoprecipitates were incubated for 20 min at room temperature with 20 μM [γ 32 ATP] (5 μCi/nmol) containing 6.25 mM Hepes, 5 mM MgCl 2 and 0.25 mM EGTA, and in the presence of 0.25 mg/ml phosphatidylinositol/phosphatidylserine as substrate; the reaction was interrupted by the addition of 400 μl chloroform/methanol/ HCl (1:2:1, v/v), 150 μl chloroform and 150 μl HCl. After centrifugation (10,000 x g), the organic phase was treated with an equal volume of methanol/100 mM HCl/2.5 mM EDTA (1:1:1, v/v), and the new organic phase was separated by centrifugation and speed-vac dried. The lipidic extract, redissolved in chloroform, was spotted, together with PIP 3 standard, on a silicagel TLC plate, and developed in n-propanol/acetic acid/H 2 O (66:2:33, v/v). Plates were dried, and radioactive PIP 3 was subsequently visualized by autoradiography and analyzed by densitometric scanning. In all experiments, the densitometric value of the band corresponding to the muscle incubated in the absence of each hormone/peptide, was used as basal value.
Glycolysis. Paired soleus muscles were incubated for 90 min without (basal) or with Ex-4. After that, the incubation medium was collected for pyruvate content determination by isolating the acidic metabolites by anion exchange chromatography (27) . Simultaneously, CO 2 was measured by the method already described in detail for human skeletal muscle strips (8) .
Statistical study. Results are expressed as mean ± SEM, together with the number of observations. The statistical significance (p<0.05) of the increments was assessed either by one-way analysis of variance, followed by the least significant difference (LSD) test for post hoc multiple comparisons, using the Statistical Package for Social Sciences (SPSS) software or the Student's t-test. 
Results
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Effect on kinase activity. In the skeletal muscle of normal rats (Fig. 1) , both Ex-4 and Ex-9 increased the activity of PI3K, p70s6k and p44 and p42 MAP kinases (overall mean value: 154±6% basal, n=24, p<0.001), with respect to the basal value obtained in the absence of peptide, as previously detected with GLP-1 and insulin (28) . Ex-4, like GLP-1, also stimulated PKB phosphorylation (153±15% basal, n=4, p=0.034), while no effect by Ex-9 (97±17% basal) was observed.
In muscle samples from T2D rats (Fig. 2) , basal PI3K and PKB activity was lower than those in normal rats (overall mean value: 77±6% normal, n=8, p<0.01), while that of MAPKs and p70s6k was higher (overall mean value: 204±19% normal, n=11, p<0.001). A clear increase in MAPK and p70s6k activity by insulin (overall: 138±7% basal, n=11, p<0.001) and Ex-4 (overall: 172±16%, n=10, p<0.01) was detected, and also in PI3K activity by Ex-4 (130±10%, n=5, p<0.05), but no effect of Ex-4 or insulin in PKB activity could be detected (overall: 100±6%, n=15). Ex-9 and GLP-1, both failed to affect the activity of any of the kinases, except for Ex-9 on p42 MAPK, for which a moderate stimulation was measured (124±5%, p<0.01, n=5), similar to that in normal rat muscle (142±11%, p=0.01, n=5).
Glucose transport. In normal rats the net 2-deoxy-D-glucose uptake in the absence of any peptide/hormone (basal), in muscle samples from 73 animals averaged 425±25 pmol/mg protein per min. Ex-4, at 10 -9 M, induced a clear stimulation (Fig. 3 ) of glucose transport, giving a value (129±5% basal, p<0.002, n=13) similar in magnitude to that previously detected with a ten times higher concentration (10 -8 M) of GLP-1 or 10 -9 M insulin (28) . No further increment was measured when GLP-1 or Ex-4 were simultaneously present in the incubation medium (96±8% GLP-1, n=7). Ex-9 did not modify the basal glucose uptake value (92±5% basal, n=14) or that stimulated by Ex-4 (104±7% Ex-4, n=5).
The increasing effect of Ex-4 upon glucose uptake in the normal skeletal muscle (Table I) was reduced by W, a PI3K inhibitory agent, to a similar value to that obtained in the sole presence of the inhibitor, at variance with the reported partial lowering effect of W upon the stimulatory action of GLP-1. Inhibition of MAPK activity by PD, that of p70s6k by RAP or PKC by H-7, abolished the increasing action of Ex-4 to a level (overall mean value: 75±4% basal, n=28) indistinguishable from that reached by the respective inhibitor alone (overall mean value: 84±7, n=18), as it occurred with the action of GLP-1 (28) in the concomitant presence of each of the same inhibitory agents.
In T2D rats, basal glucose transport value represented 345±16 pmol/mg protein per min, n=47, lower (p=0.027) than that in normal rats. Unlike insulin, by which a clear increase (142±5% basal, n=11, p<0.001), similar in magnitude to that exerted in normal rat muscle, was measured, no effect could be detected with GLP-1, Ex-4 or Ex-9 (overall mean value 101±5 %, n=34).
Glycogen synthase a activity. The net basal glycogen synthase a activity in type 2 diabetic rat muscle (4.45±0.45 U/g, n=10) was slightly higher (p=0.032) than that in the normal control animals (3.27±0.30 U/g, n=19). No effect could be detected in the presence of 10 -9 M Ex-4, as opposed to an effect previously observed in normal rat skeletal muscle, where a small but clear increment was measured (7).
Glycolysis and glucose oxidation. The basal value of pyruvate produced by type 2 diabetic rat muscle (3.36±0.71 nmol/mg/min, n=9) was significantly higher (p=0.019) than that observed in muscle samples from normal rats (1.05±0.21 nmol/mg/min, n=10). In normal rats, 10 -9 M Ex-4 caused an increase in pyruvate production (230±43% basal, n=7, p<0.05 vs basal), while it failed to affect pyruvate production in the muscle of type 2 diabetic rats (108±24% basal, n=9).
The basal value of CO 2 produced by type 2 diabetic rat muscle (5.32±0.53 nmol/mg/min, n=10), although somewhat Table I . Effect of inhibitors of kinase activity on basal and 10 -9 M Ex-4-stimulated glucose transport in rat skeletal muscle from normal rats.
.05 vs basal value. W, wortmannin; PD, PD98059; RAP, rapamycin.
- lower, was not significantly different from that produced by muscle samples from normal rats (6.40±0.43 nmol/mg/min, n=14). In the normal rats included in the present study, 10 -9 M Ex-4 induced a moderate increase of the basal value (121±4% control, n=14, p<0.001) as previously observed (7), while it apparently failed to affect CO 2 in the muscle of the type 2 diabetic group (118±8% basal, n=10, p=0.11).
Discussion
This study aimed to identify the action of exendins upon glucose transport in normal rat skeletal muscle, and to further investigate their characteristics in a type 2 diabetic state. We had previously observed in normal rats that Ex-4, but not Ex-9, stimulated muscle glycogen synthesis, through an increase in the activity of glycogen synthase a, and also glucose oxidation and utilization, as did GLP-1 (7) . In the present study, we found that, in normal rat skeletal muscle, Ex-4 enhanced glucose uptake, with an equal and higher potency, respectively, than that previously reported for insulin and GLP-1 (28) . We also found that for this stimulatory effect, Ex-4 perhaps acted, at least in part, through the same muscle GLP-1 receptor, and also, that the peptide required an increase in the activity of some of the same kinases (PI3K/PKB, p70s6k and MAPKs) shown to be involved, each to a higher or lower extent, in GLP-1 and insulin action (28) . However, in the case of Ex-4, and at variance with GLP-1, the enzymes studied in the present report seem to be essential in increasing basal glucose uptake. Ex-9, an antagonist of GLP-1 receptors in certain cell systems and also of some of the effects of GLP-1 and Ex-4 (7), although also augmenting the activity of the same kinases as those augmented by Ex-4, except that of PKB, failed to modify the glucose transport basal value in normal rat skeletal muscle. This last is at variance with its characteristics in human muscle, tissue and cells, in which, perhaps due to species differences, Ex-9 shows GLP-1-like actions upon parameters involved in glucose metabolism (6, 8, 15, 16) .
The muscle of the T2D rats studied in the present report showed a lower than normal basal rate of glucose uptake, and a higher glycogen synthase a activity, the former being in accordance with a reported reduced Glut-4 expression in the muscle of the same diabetic model (25) . We also detected a lower basal 14 CO 2 production and a higher pyruvate release, which could be a consequence of a deleterious entrance of pyruvate into the tricarboxilic acid cycle, due to a higher concentration of circulating free fatty acids (29) ; in relation to this, a higher basal rate of lipolysis was reported in isolated rat adipocytes from this type 2 diabetic model (5). This unbalanced lipid/glucose rate could explain why Ex-4 failed to affect glycogen synthase a activity or glucose oxidation and utilization values, at variance with GLP-1, for which a stimulatory action in muscle and other extrapancreatic tissues from type 2 diabetic rats, has been reported (17) . However, we did not detect any in vitro modification of GLP-1 or Ex-4 (present data) upon the basal glucose uptake value, despite the fact that prolonged treatment with GLP-1 of streptozotocin-induced type 2 diabetic rats increased the reduced muscle Glut-4 gene expression up to normal levels (25) . In addition, the basal activity of both PI3K and PKB appeared lower than normal, while that of p70s6k and MAPKs was clearly higher. Together with this, GLP-1 failed to affect the basal activity of any of the kinases studied, while the muscle tissue maintained the PI3K, p70s6k and MAPK response capability to Ex-4, but not PKB, suggesting a major role for this enzyme in Ex-4 stimulatory effect upon glucose transport in muscle.
As it has been shown that continuous infusion of GLP-1 normalizes reduced diabetic muscle Glut-4 expression, the fact that the demonstrated antidiabetic action of both GLP-1 and Ex-4 was not reflected in their in vitro stimulatory effect upon glucose transport in the diabetic rat, does not exclude the possibility that, in prolonged treatment, these peptides could improve glucose uptake.
